A procedure has been developed for the selective etching of Ag from Pt nanoparticles of well-defined shape, resulting in the formation of elementally-pure Pt cubes, cuboctahedra, or octahedra, with a largest vertex-to-vertex distance of ~ 9.5 nm from Agmodified Pt nanoparticles. A nitric acid etching process was applied Pt nanoparticles supported on mesoporous silica, as well as nanoparticles dispersed in aqueous solution.
Introduction
Nanoparticles (NPs) synthesized by solution-phase methods are of interest for applications in catalysis, either as free particles in solution 1 or deposited on solid supports [2] [3] [4] . One area of interest in catalysis is the effect of NP shape on catalytic activity [5] [6] [7] [8] [9] [10] and selectivity 11, 12 . Many routes to shape-control of NPs have been explored, including control via ligand interactions [13] [14] [15] , pH 5 or temperature 16 , electrochemical routes 10, 17 , and the addition of other (sacrificial) metal ions [18] [19] [20] or NP seeds 21 . Shape control of NPs for catalysis is important because the particle shape determines which crystal faces are exposed 18 and the abundance of surface atoms with various metal coordination environments 22 .
Previously we used Ag + ions to control the shape of Pt NPs 18 in an effort to elucidate how NP shape effects catalytic activity and selectivity 8 . Using this method, Pt cubes, cuboctahedra, or octahedra were synthesized with ≥ 80% selectivity for each shape by adding different concentrations of AgNO 3 . Although initial results (X-ray diffraction and energy dispersive X-ray spectroscopy) indicated Ag was not present in the NPs after removing excess AgCl, it was later found that residual Ag of up to ~ 20 at %, is still present in the NP system (metal NP plus stabilizing polymer). In a subsequent paper, we found that Ag acts as a poison in the hydrogenation of ethylene by Pt and the amount of Ag in the NPs can be directly correlated to the decrease in catalytic activity. This is in agreement with studies of highly dispersed Pt-Ag catalysts on silica gel; in that study, rates of 1-hexene hydrogenation decreased exponentially with increasing Ag content 23 .
In this paper, we present the post-synthesis etching of Ag from Pt NPs synthesized in the presence of AgNO 3 , and their subsequent use as hydrogenation catalysts. Nitric acid etching of Ag is a well-studied system because of its use in the synthesis of AgNO 3 from elemental silver 24 . The dependence of etching on temperature, HNO 3 concentration, and silver particle size (mm-range) is well-documented [24] [25] [26] [27] . The reaction proceeds with the overall stoichiometry at HNO 3 concentrations between 3.8 and
M:
4HNO 3 (aq) + 3Ag(s) → 3AgNO 3 (aq) + NO(g) + 2H 2 O(l) [1] For [HNO 3 ] of 4.9 -7.1 M, the stoichiometry is 2HNO 3 (aq) + Ag(s) → AgNO 3 (aq) + NO 2 (g) + H 2 O(l) [2] Platinum, on the other hand, is resistant to etching by nitric acid, usually being dissolved with aqua regia (70 % concentrated hydrochloric acid and 30 % concentrated nitric acid). Using this difference in reactivity towards nitric acid, we are able to modify the Pt-Ag NPs after synthesis to pure platinum nanoparticles of well-defined shapes.
Post-synthetic chemical modification of nanoparticles has previously been used to develop nanostructures with a variety of properties. For example, Chen et al. synthesized
Pd-Ag and Pt-Ag nanoboxes using galvanic replacement of Ag from Ag nanocubes with Na 2 PdCl 4 or Na 2 PtCl 6 20 . The surface plasmon resonance peak of these nanoboxes could be tuned across the entire visual spectrum by this approach. In another report from this group, Au nanoboxes and nanoframes were formed by dealloying Au/Ag nanoboxes using an aqueous etchent 28 . Post-synthetic etching of bimetallic nanostructures is a new tool of nanotechnology with the potential to yield new and structures with novel applications.
Experimental

Nanoparticle synthesis
A detailed description of the synthesis of the NPs has been published elsewhere 18 .
A brief description is given here. The synthesis of Pt cubes began with the introduction of 0.5 ml of 2 mM silver nitrate (AgNO 3 , 99+%, Sigma-Aldrich) solution in ethylene glycol (EG, min. 98%, EMD) to boiling EG (3 ml); followed by the immediate introduction of 3 ml of poly(vinylpyrrolidone) (PVP, MW = 55 K, Sigma-Aldrich, 375 mM) and 1. Increasing the molarity of the AgNO 3 solution to 20 mM and 60 mM led to the selective formation of cuboctahedral and octahedral particles, respectively. The synthesis was was conducted at the exact same conditions, but without the addition of AgNO 3 .
Catalyst Synthesis
A detailed procedure for the synthesis of catalysts by NP encapsulation (NE) in high surface-area mesoporous silica can be found elsewhere 3 . After a second precipitation with hexanes, the NPs were dispersed in 23. 
Etching of Unsupported Particles
The etching of unsupported Pt NP's was similar to the supported catalyst samples.
A sample of Pt NPs containing ~1 mg Pt was dispersed in water, and HNO 3 was added to obtain the desired concentration. After stirring at 333 K for 0.5 h, the particles were precipitated with acetone, centrifuged, and redispersed in ethanol. Prior to IR measurements (discussed below), the Pt NP sols were precipitated with hexane and redispersed in ethanol, as described previously, an additional three times to remove excess PVP and to ensure there was no residual HNO 3 . A note of caution with this etching procedure: NO 2 forms during the etching process and concentrated HNO 3 is very corrosive. 
Characterization of
Attenuated Total Reflection (ATR) Infrared Studies of CO adsorption
After synthesis and etching of shape controlled Pt NPs containing Ag as well as particles synthesized in the absence of Ag, the NPs were precipitated with acetone, centrifuged, and the supernatant was discarded. The NPs were then washed by dispersing them in ethanol and then precipitating them with hexanes four times, and finally they were dispersed in 200 μl ethanol to obtain a concentrated NP sol. Attenuated total reflection Fourier transform infrared (ATR-FTIR) (Nicolete Avatar 360) spectra were taken after placing five drops (~50 μl) of the ethanol NP sol onto a ZnSe ATR crystal drop by drop, allowing the previous drop to dry before the application of the next drop.
All spectra were obtained by averaging 8 scans at 2 cm -1 resolution.
Catalytic Reaction Studies of Ethylene Hydrogenation
Catalytic reactions were studied in a Pyrex plug U-tube flow reactor connected to a Reaction rate measurements were conducted at differential conditions (all conversions were < 10%). Typically the catalyst (1 -40 mg) was diluted with low-surface area, acidwashed quartz in a 1:5 w/w ratio (catalyst:quartz).
Results and Discussion
Summary of Previous Results from this System and Motivation for Current Study
The initial work on the synthesis of these Pt NPs focused on obtaining shape control of Pt NPs of less than 10 nm and was accomplished through the addition of AgNO 3 into the reaction mixture 18 . With increasing the AgNO 3 concentration, Pt cubes, cuboctahedra, and octahedra were formed, each with > 80 % selectivity. It was concluded that Ag was absent in the NPs after the ethanol/hexanes washing, based on the absence of a Ag peak in the energy dispersive X-ray spectrum for washed Pt(octahedra)
as well as the absence of diffraction peaks corresponding to Ag or any shift in the Pt diffraction peaks 18 . Later, high-resolution (synchotron-based) XRD confirmed there was no formation of a Pt-Ag alloy in the Pt(octahedra) ( Figure S1 ). Further single particle electron dispersive X-ray (EDX) studies, however, indicated that up to ~ 15 at % Ag remained in the Pt(octahedra) after washing.
In an effort to study the effect of NP faceting on catalysis, the three NP shapes were loaded onto SBA-15 and their activity for ethylene hydrogenation was measured 8 .
In this study, ICP-OES elemental analysis indicated that for samples of Pt(cubes)/SBA-15, Pt(cuboctahedra)/SBA-15, and Pt(octahedra)/SBA-15, Ag comprises 1.4 %, 9.5 %, and 11.5 % of the total metal, respectively. The catalytic activity scaled with the amount of Ag in the catalysts; the turnover frequencies (TOF) (in s -1 ) for Pt(cubes)/SBA-15, Pt(cuboctahedra)/SBA-15, and Pt(octahedra)/SBA-15 were 8.6, 0.4, and 0.02, respectively. In contrast, the turnover frequencies for Pt(111) and Pt(100) single crystals are 9.3 s -1 and 3.6 s -1 for the same reaction conditions 29 . Thus, it was concluded that the Ag content, not the NP faceting, was responsible for the change in TOF.
The results of these two studies motivated us to develop a method for the removal of Ag from the Pt(cubes), Pt(cuboctahedra), and Pt(octahedra) NPs. In this study, we demonstrate that Ag can be removed from the NPs without loss of shape, and that after Ag removal, the TOF for ethylene hydrogenation is comparable to the TOF for a similarly prepared Pt(no Ag) catalyst.
Nanoparticle Synthesis
The slow addition of separate PVP and H 2 PtCl 6 •6H 2 O solutions to boiling EG caused the color of the solution to change from yellow to dark brown, indicating the fast reduction of Pt(IV) to Pt(0). If Ag ions were not added prior to the introduction of the Pt salt, a distribution of Pt particle shapes were obtained, dominated by cubes with rounded corners 18 . The addition of varying concentrations of AgNO 3 effectively modifies the growth rates along the <111> and <100> directions to give shape control of the Pt NPs.
At a AgNO 3 concentration of 1.1 mol % (relative to Pt salt concentration), cubes formed with ~ 80 % selectivity, while at 11 % and 32 mol % AgNO 3 , cuboctahedra and octahedra formed with ~ 100 % and 80 % selectivity, respectively. In the case of the cubes and octahedra syntheses, the minor shape is tetrahedral. For all NPs, the largest vertex-to-vertex distance is ~ 9.5 nm regardless of shape with a dispersion in size of ~ 7
%. Cubes and octahedra are terminated entirely by (100) and (111) planes, respectively, while cuboctahedra are terminated by six (100) and eight (111) surfaces. UV-Vis absorption spectroscopy indicated the presence of reduced Ag 4 2+ species during the early stages of synthesis, with the formation of AgCl particles at longer synthesis times in the case of the octahedra 18 . It is believed that the mechanism for Pt NP growth involves enhanced growth along the <100> and/or suppressed growth along <111> directions due to the introduction of Ag ions and their strong adsorption on {100} terminated Pt surfaces. Silver can be removed from Pt octahedra by repetitive centrifugation and redispersion after Pt particle formation as determined by UV-Vis spectroscopy 18 and elemental analysis (Table 1 -Pt(octahedra) are synthesized with 32 mol % Ag).
However, ICP-OES elemental analysis performed in this study suggests that little, if any, silver is removed from Pt cubes or cuboctahedra by centrifugation (Table 1 - Pt(cuboctahedra) and Pt(cubes) are synthesized with 10.7 and 1.1 mol % Ag respectively).
Catalyst Synthesis
After purifying the Pt NPs, they were introduced into an aqueous solution of Pluronic P123 triblock co-polymer at 313 K and stirred for 1 h to ensure complete dispersion of the Pt particles. Brown precipitates formed within five minutes of the addition of 0.5 M NaF and TMOS. The supernatant was colorless and transparent, indicating the Pt colloids incorporated into or on the surface of the silica matrix. Particles are often found in groups, but the particles within these groups do not appear to be in contact. Low resolution TEM does not indicate any change in particle shape after encapsulation, but HRTEM analysis (necessary to determine the surface structure) is difficult due to encapsulation of the particles within the SBA-15 matrix. Particle sizes determined by XRD before and after encapsulation are in good agreement, and no aggregation of particles was observed 3 .
Etching
Etching of Supported Nanoparticles
Platinum NPs were incorporated into SBA-15 and used to study the effect of 
Etching of Unsupported Nanoparticles
We conducted the same etching procedure on unsupported Pt NPs. The NPs after thorough washing were dispersed in water, followed by the addition of the appropriate Figure 4 shows HRTEM images of the as-synthesized platinum cubes and octahedra and after etching with 10 M nitric acid. There does not appear to be any significant structural change for the Pt(cubes) or pt(octahedra) NPs.
Therefore, we consider this post-synthetic ething step as a method to clean Pt NPs with well-defined surface morphologies even though shape control required the presence of a second metal. This method should be suitable for any Pt-metal (M) system, in which an etchant selectively etches M over Pt.
DRIFTS Study of CO Adsorption on Pt/SBA-15 Catalysts
After calcination and in-situ reduction, we exposed the catalyst to flowing CO, and purged with He. After completely purging the diffuse reflectance cell, we recorded FTIR spectra. Figure 5 shows the spectra recorded for a Pt(octahedra)/SBA-15 catalyst. Silver appears to block the adsorption of CO by these catalysts either by physical site blocking or altering the electronic structure of the Pt surface, or both (further discussion in section 3.4.4).
Attenuated Total Reflection Infrared Studies
The etching process was investigated using ATR-FTIR of unsupported Pt(No Ag), Pt(cubes) and Pt(cuboctahedra) (Figure 6 ). There are five peaks of interest in the infrared spectrum, belonging to different carbonyl species. The peak at 1653 cm -1 is due to the carbonyl stretch of PVP for unbound monomers as observed in the FTIR spectrum of pure PVP. The intensity of this peak can be understood from the 12:1 (PVP monomer):Pt ratio used for NP synthesis. At a slightly lower energy (~1597 cm -1 ), a peak is present in the ATR-FTIR spectrum of the etched Pt cubes but not seen in the spectrum of the unetched particles. This peak has previously been assigned to the carbonyl stretch of PVP for a monomer coordinated to the Pt surface using surface enhanced Raman spectroscopy (SERS) 32 . Bridge bound NO on Pt 33 also has a stretching frequency of 1600 cm -1 , and this assignment cannot be ruled out. . Both peaks are red-shifted compared to gas phase studies 34 , but it is difficult to make direct comparisons due to the complex surface chemistry of these samples. 37 . It is difficult to ascertain the exact source of each peak because of the complex nature of the system under study, but their presence does suggested PVP decomposition in acidic solution occurs with the concurrent formation of numerous surface-bound decomposition products.
The gas-phase stretching frequency for CO bound to polycrystalline Ag and large Ag n clusters (n > 280) appears at 2110 cm -1 , shifting to lower wavenumbers with decreasing particle size, 2080 cm -1 for Ag 30 clusters 38 . The frequency for CO bound to Ag + cations on SiO 2 is 2169 cm -1 and the CO is weakly bound, desorbing with room temperature evacuation 39 . Assignment of peaks to CO bound to Ag or Ag + has been ruled out based on the similarity between FTIR-ATR spectra from NPs synthesized with and without Ag ( Figure 6 ).
Ethylene Hydrogenation on Unetched and Etched Pt(shape)/SBA-15
Ethylene hydrogenation is a very sensitive probe of active sites on a Pt catalyst.
Under the reaction conditions used in this study ( physical site blocking mechanism, the dependence of the rate on the amount of silver on the surface would be linear, but instead we observed an exponential dependence:
This suggests there is an electronic component to the poisoning of Pt towards ethylene hydrogenation by Ag, which has been previously observed for Pt-Ag bimetallic catalysts in the hydrogenation of 1-hexene 23 . In that work, however, Pt-Ag alloy particle were shown to form, and the activity for 1-hexene hydrogenation correlated well with the lattice parameter of the alloy.
It is possible that the Ag in this case forms a surface alloy with Pt, but a bulk alloy has been ruled out by high-resolution XRD ( Figure S1 ). The bulk phase diagram for PtAg indicates that alloying does not occur at low temperatures (< 1100 K) 40 . Röder et al.
found that when Ag is deposited on Pt(111) at room temperature, a Ag layer forms that is one atom thick, but when Ag is deposited at 620 K (or the surface is annealed at 620 K after room temperature deposition), it dissolves into the Pt surface layer and forms islands 41 . This surface segregation of Ag on Pt(111) has also been shown in a theoretical study 42 . The picture of alloying between Pt and Ag is not so clear, and studies have shown that phase diagrams for alloys can change with particle size 43 . In two separate Xray absorption fine structure (XAFS) studies, no alloying was observed for a Pt-Ag catalyst, even for particle sizes down to 2 nm 44, 45 . Pt-Ag bimetallic NP systems have produced Pt(core)/Ag(shell) 46 and also Ag(core)/Pt(shell) 47 structures as indicated by UV-Vis spectroscopy combined with modeling based on Mie theory. On the other hand, alloying in Pt-Ag bimetallic NP systems has been observed by employing XRD 23 or a combination of XRD, HRTEM, and UV-Vis spectroscopy 48 . In each of these studies, the synthetic conditions were different and thus it is difficult to draw any general conclusions about alloying in Pt-Ag nanoscale systems.
An alternate explanation, in addition to site blocking or surface alloying, for the decrease in TOF is decreased electron density in the Pt 5d orbital due to a Pt(5d) Ag to produce pure Pt NPs.
Conclusions
Silver can be selectively removed from shape-controlled platinum nanoparticles 
